Introduction
============

Antibodies are an important component of the immune system. One of the questions that have puzzled cancer immunologists for years is why tumors are not commonly rejected by the immune system even though most patients exhibit antibodies targeting their own cancer.[@R1] Autoantibodies specific for tumor-associated antigens (TAAs) have been documented in patients affected by most common human malignancies.[@R2]^,^[@R3] These antibodies have been attributed both diagnostic and prognostic relevance. In some instances, the presence of such autoantibodies implicates indeed decreased recurrence-free or overall survival, while in other settings it portends a survival advantage. These observations support the conceptual framework known as "cancer immunoediting," as originally proposed in 2002 by Lloyd Old and coworkers.[@R4] This theory proposes that the immune system plays a dual role in cancer. On one hand, the immune system can suppress tumor formation by destroying (pre)malignant cells or inhibiting their growth. On the other hand, the immune system operates a selection whereby tumors become ever fitter to survive and spread in the host. In fact, the tumor microenvironment itself may drive this selection process by producing immunoregulatory cytokines such as transforming growth factor β (TGFβ) and interleukin (IL)-10, by promoting the enzymatic activity of indolamine 2,3 dioxygenase, or by recruiting and stimulating the function of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs).[@R5]^,^[@R6] In addition, intratumoral T cells might be subjected to direct immunosuppressive interactions, such in the case of a variety of tumors (including ovarian cancer, renal cell carcinoma and melanoma) that express B7 protein family members.[@R7]^-^[@R9] The role of antibodies in cancer immunoediting, if any, is largely undefined.

Most of the autoantibodies specific for TAAs are of the IgG class.[@R2] The antigen-binding portion of IgG molecules reside in the unique combination of the variable regions of the heavy and light chains. Conversely, the effector functions of IgGs are imparted by their constant region (CH2), as known as constant fragment (Fc). The N-linked glycosylation of the CH2 region via N297 is highly heterogeneous, involving a large variety of terminal sugars.[@R10] These terminal glycans influence the binding of IgGs to complement components and to both activating and inhibitory Fc receptors. For example, terminal galactose residues promote the binding of IgGs to C1q, thus increasing complement-mediated cytotoxicity.[@R11] Along similar lines, the absence of core fucose results in the enhancement of antibody-dependent cellular cytotoxicity (ADCC) upon the improved binding of IgGs to activating FcγRIIIa receptors.[@R12]^,^[@R13] Conversely, Fc glycans that terminate in sialic acid (Sia) exhibit a markedly reduced propension to trigger ADCC, owing to a decreased affinity for FcγRIIIa[@R14] and---in some cases---may also have a reduced affinity for cognate antigens.[@R15] The terminal sialylation of Fc with α2,6-linked Sia (α2,6-Sia) has been proposed to be primarily responsible for the anti-inflammatory effects of intravenous immunoglobulin (IVIG), possibly due to the interaction of infused IgGs with the C-type lectin dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) on antigen-presenting cells and the attendant upregulation of inhibitory FcγRIIb receptors.[@R16]^,^[@R17] The anti-inflammatory effect stemming from the interaction of sialylated IgGs with antigen-presenting cells has been referred to as "sialic acid switch." Thus, the post-translational modification of N-linked glycans at N297 may change the effector functions of IgG from inflammatory to anti-inflammatory.[@R18]^-^[@R20]

In order to evaluate whether the human humoral response to TAAs might involve candidates for the sialic acid switch, we screened blood samples from patients bearing metastatic neoplasms (primarily melanoma and breast carcinoma) for the presence of autoantibodies specific for two common TAAs, the cancer-testis antigen NY-ESO-1 and ERBB2, also known as HER2. Positive samples were then assessed for their sialic acid content, and selected antibodies were affinity-purified and evaluated for the sialylation of Fc regions and functional activity. We found that a substantial fraction of autoantibodies specific for NY-ESO-1 and HER2 are sialylated, as demonstrated by their binding to the *Sambucus nigra* agglutinin (SNA). In addition, a fraction of anti-NY-ESO-1 antibodies were found to be specifically sialylated in an α2,6 linkage site on galactose via N-linked glycosylation, presumably at N297 on the Fc. These antibodies can bind DC-SIGN and therefore represent candidate anti-inflammatory antibodies.

Results
=======

Autoantibodies specific for NY-ESO-1 and HER2 are a common and stable finding in metastatic melanoma and breast cancer patients
-------------------------------------------------------------------------------------------------------------------------------

We screened 168 serum samples from 80 patients with metastatic melanoma for antibodies targeting the NY-ESO-1 antigen, nine of which were positive in this respect ([Table 1](#T1){ref-type="table"}). Conversely, none among 33 healthy individuals was positive for NY-ESO-1-targeting autoantibodies. In melanoma patients, antibodies specific for NY-ESO-1 generally had a very high titer (\>1/32,000). Of note, none of the patients initially bearing NY-ESO-1-specific autoantibodies seroconverted in the course of the observation period ([Fig. 1](#F1){ref-type="fig"}). Likewise, the seroconversion of patients that initially had no NY-ESO-1-targeting antibodies was not observed in the course of our study (data not shown). The longitudinal evaluation of anti-NY-ESO-1 antibody titers on several of these patients documented consistent changes in a single patient. Otherwise, anti-NY-ESO-1 antibody titers were relatively stable throughout the observation period ([Fig. 1](#F1){ref-type="fig"}).

###### **Table 1.** Autoantibodies targeting NY-ESO-1 and HER2 in cancer patients and healthy subjects

  Diagnosis               Antigen    \# Screened\*   \# Positive   \% Positive   Titer\*\*
  ----------------------- ---------- --------------- ------------- ------------- ------------------------------------------------
  Melanoma                NY-ESO-1   80              9             11.5          350, 600, 1600, 32K, 50K, 50K, 64K, 150K, 250K
  Healthy                 NY-ESO-1   33              0             0             n.a.
  HER2^+^ breast cancer   HER2       82              3             3.7           3K, 3K, 25K
  HER2^−^ breast cancer   HER2       29              1             3.4           25K
  Breast cancer           HER2       59              4             6.8           600, 25K, 25K, 25K
  Healthy                 HER2       12              0             0             n.a.

Represents unique patients; **\*\***expressed as 1/dilution, at entry into the study. n.a., not available.

![**Figure 1.** Anti-NY-ESO-1 antibody titers in the course of this study. Titers are expressed as 1/dilution. Sample numbers indicate clinical visit in the course of treatment and vary from patient to patient. The minimum interval between sequential samples was one month. The maximum time interval between entry into the study and study completion was 16 mo.](onci-2-e24841-g1){#F1}

One hundred-70 patients with breast carcinoma were screened for antibodies specific for HER2, and only 6 patients were found to be positive. Anti-HER2 autoantibodies were found in patients bearing HER2^+^ as well as HER2^-^ tumors, although the number of patients exhibiting anti-HER2 antibodies was too low to determine whether the development of anti-HER2 antibodies would be related to HER2 expression on tumor cells at the time of entry into the study. No anti-HER2 antibody responses were detected among 12 cancer-free individuals. Because samples from breast cancer patients were available at a single time point, we did not have the opportunity to serially study HER2-specific antibodies in this cohort. In addition, limited amounts of serum (approximately 200 μL) were incompatible for the affinity purification of antibodies specific for HER2.

Antibodies targeting NY-ESO-1 and HER2 commonly contain high levels of Sia, as measured by SNA lectin analysis
--------------------------------------------------------------------------------------------------------------

In order to determine the proportion of anti-NY-ESO-1 IgGs that are sialylated, we quantified by ELISA IgGs that has previously been fractionated on SNA lectin-containing columns ([Table 2](#T2){ref-type="table"}). Among 9 serum samples containing anti-NY-ESO-1 autoantibodies, five had a Sia content higher than 5% at entry into the study. In samples from two patients exhibiting high levels of anti-NY-ESO-1 antibodies, one with uterine cancer and one with lung adenocarcinoma, the fraction of sialylated IgGs was 45% and 24%, respectively. The Sia content in IgGs specific for HER2 was generally low, as samples from only 2 out of 6 patients had a Sia content higher than 5%. Interestingly, in two patients with uterine and lung cancers, the Sia content of HER2-specific autoantibodies was 18% and 79%, respectively.

###### **Table 2.** Sialylation of IgGs targeting tumor-associated antigens\*

  Patient ID   Diagnosis        N°   Specificity   \% SNA^+^
  ------------ ---------------- ---- ------------- -----------
  P1           Melanoma         2    NY-ESO-1      7
  P2           Melanoma         5    NY-ESO-1      2--4
  P3           Melanoma         1    NY-ESO-1      5
  P4           Melanoma         4    NY-ESO-1      2--3
  P5           Melanoma         6    NY-ESO-1      9--23
  P6           Melanoma         6    NY-ESO-1      14--19
  P7           Melanoma         4    NY-ESO-1      18--28
  P8           Melanoma         6    NY-ESO-1      19--21
  P9           Melanoma         2    NY-ESO-1      2
  3C3          Uterine cancer   1    NY-ESO-1      45
  4G1          Lung cancer      1    NY-ESO-1      19
  1C9          Breast cancer    1    HER2          12
  1E9          Breast cancer    1    HER2          4
  1G7          Lung cancer      1    HER2          79
  1H3          Breast cancer    1    HER2          3
  4E3          Breast cancer    1    HER2          4
  5G1          Breast cancer    1    HER2          5
  6D1          Breast cancer    1    HER2          34
  6G11         Uterine cancer   1    HER2          18

**\*** Data are expressed as percent of material eluted from *Sambucus nigra* agglutinin (SNA)-containing columns with respect to total material recovered (range of values obtained over N° study visits). Each value within ranges has been obtained by calculations based on a minimum of two independent experiments and triplicate assessments within each assay.

The analysis of serial samples obtained from patients exhibiting NY-ESO-1-targeting antibodies demonstrated that the level of sialylated IgGs was relatively stable in each patient ([Fig. 2](#F2){ref-type="fig"}). The levels of Sia^+^ IgGs specific for NY-ESO-1 could be stratified into two groups, namely, ≤5% or ≥10%, which---for purposes of presentation---we indicate as low and high, respectively. As illustrated in [Figure 2](#F2){ref-type="fig"}, we observed essentially no crossovers from one group to the other over time. Specifically, both highly and poorly sialylated NY-ESO-1-specific IgGs remained so over the course of this study.

![**Figure 2.** Fraction of sialic acid-containing (Sia^+^) anti-NY-ESO-1 IgGs over time. Values are expressed as percent of NY-ESO-1 antibody that partitioned into the *Sambucus nigra* agglutinin (SNA) lectin-positive fraction. Sample numbers indicate clinical visit number in the course of treatment. Intervals vary from patient to patient, with a minimum of 1 mo.](onci-2-e24841-g2){#F2}

Metastatic melanoma patients do not exhibit a global increase in the sialylation of the IgG repertoire
------------------------------------------------------------------------------------------------------

We tested SNA lectin-enriched and depleted IgG fractions against a variety of common antigens in order to investigate whether an increased IgG sialylation is a generalized feature of metastatic cancer patients. [Figure 3](#F3){ref-type="fig"} shows the percentage of sialylated IgGs specific for different antigens (as obtained in melanoma patients). In particular, IgGs specific for influenza A, influenza B, mumps, and tetanus toxoid-associated epitopes exhibited a lower overall Sia content than IgGs targeting NY-ESO-1. Additionally, at the level of individual patients, the percent sialylation of IgGs specific for infectious agents-associated antigens never exceed the Sia content of anti-NY-ESO-1 autoantibodies. The overall level of sialylation of IgGs targeting mumps and tetanus toxoid-related antigens did not differ between NY-ESO-1^+^ and NY-ESO-1^−^ patients (p = 0.135) nor between NY-ESO-1^+^ patients and healthy individuals (p = 0.289). However, we observed a statistically significant difference in the Sia content of IgGs specific for influenza A-associated antigens between NY-ESO-1^+^ patients and healthy subjects (p = 0.035), as well as a significant difference in Sia^+^ IgGs targeting influenza B-related antigens between both NY-ESO-1^+^ or NY-ESO-1^−^ patients and healthy individuals (p \< 0.001). These data suggest that while IgGs specific for NY-ESO-1 contain a high fraction of sialylated species, this does not reflect an increased sialylation of the IgG repertoire. We also tested the total sialyltransferase activity in serum samples from these patients, finding no correlation between this parameter and the level of sialylated NY-ESO-1-specific IgGs (data not shown).

![**Figure 3.** Comparison of sialylation levels on IgGs specific for NY-ESO-1 or antigens related to infectious agents. Data points represent average values rounded to whole figures for each patient. Each patient was analyzed in triplicate wells per assay, and assays were performed as two independent experiments. X = mean of groups. Patient groups are NY-ESO-1^+^ (n = 8) and NY-ESO-1^−^ (n = 10) melanoma patients. Controls are healthy human subjects (n = 10).](onci-2-e24841-g3){#F3}

The Fc of affinity purified autoantibodies specific for NY-ESO-1 contains glycans that terminate with α2,6-Sia
--------------------------------------------------------------------------------------------------------------

Some Fab regions of IgGs can be subject to N-linked glycosylation and terminate with Sia because of the unique amino acid sequences of the variable regions of the IgG heavy and light chains. In order to examine the relative distribution of glycans that terminate in α2,6-Sia among the Fab and Fc regions of IgGs specific for NY-ESO-1, we digested affinity purified anti-NY-ESO-1 IgGs with papain and analyzed the resulting fragments by SNA lectin-based immunoblotting. [Figure 4](#F4){ref-type="fig"} shows representative results for the samples of 8 patients exhibiting high levels of anti-NY-ESO-1 antibodies. A band co-migrating with the approximately 28 KDa Fc fragment was identified in all samples tested. Although SNA lectin blots are not quantitative, the total amount of sialylated material (both Fc and Fab) that we observed corresponded to Sia estimates as obtained with ELISAs. In addition, in several cases (patients P5, P7, P8) the Fc was the predominant species to terminate with α2,6-Sia, while in other cases (patients P2, P4 and P6), the Fc region turned out to be the only sialylated species. In several cases, a species of a molecular mass of approximately 75 KDa was visualized by SNA-based immunoblotting, presumably corresponding to papain-resistant material.[@R21] This was particularly true for highly sialylated IgGs, suggesting that elevated levels of sialylation on IgGs may prevent the access of papain to the their polypeptide backbone. An extended incubation in papain (up to 18 h) did not improve the resolution of this species, and its identity was not further characterized. Because of limited amounts of samples and the lack of a suitable matrix for the affinity purification of HER2-specific antibodies, we were only able to analyze the reactivity of *total* sialylated IgGs in this setting. SNA lectin blots of papin-digested IgGs from these samples revealed the sialylation of both Fab and Fc species, a pattern resembling that of antibodies specific for NY-ESO-1 (data not shown). Taken together, these data demonstrate that the Fc regions of affinity purified anti-NY-ESO-1 IgGs and antibodies specific for HER2 contain glycan structures that terminate with α2,6-Sia.

![**Figure 4.** SNA lectin blot of Fc and Fab fragments from affinity purified anti-NY-ESO-1 IgGs. The percentage of sialic acid-containing (Sia^+^) IgGs observed in the course of the study is indicated in parentheses. The material analyzed by lectin blot consisted of pools of samples from the same patient that had been independently affinity purified. The image is a composite of two separate blots, as identified by the vertical line. The 30 KDa biotinylated marker and the commercially available Fc fragment (approximately 28 KDa) are shown for comparison. Lectin blot assays were done independently in duplicate instance, resulting in essentially identical findings. Each lane was loaded with approximately 1 μg of material.](onci-2-e24841-g4){#F4}

Intact affinity purified anti-NY-ESO-1 antibodies bind human DC-SIGN
--------------------------------------------------------------------

The recent demonstration that sialylated Fcs bind to and activate DC-SIGN prompted us to investigate whether affinity purified anti-NY-ESO-1 sialylated IgGs would likewise bind DC-SIGN. To this aim, we generated a recombinant, soluble human DC-SIGN and used it as a binding probe for affinity purified anti-NY-ESO-1 antibodies. Soluble DC-SIGN bound known DC-SIGN ligands such as intercellular adhesion molecule (ICAM)-2 and ICAM-3, but not unrelated molecules such as CD28 and CTLA-4 (data not shown). In order to exclude the possibility that the binding to DC-SIGN would be due to Sia^+^ Fabs, we prepared Sia^+^ Fab fragments from human IVIG by SNA lectin chromatography upon papain digestion, followed by the depletion of Fc fragments and intact IgGs with protein A. [Figure 5A](#F5){ref-type="fig"} shows western and SNA lectin blots of Sia^+^ Fab fragments. The Sia^+^ Fab preparation showed minimal reactivity when probed with anti-Fc antibodies and ---as expected---manifested as a single reactive species of approximately 25 KDa when probed with the SNA lectin. The results of binding experiments performed with these Sia^+^ Fab fragments and soluble DC-SIGN are shown in [Figure 5B](#F5){ref-type="fig"}. As predicted, Sia^+^ Fab, Sia^−^ Fab (asialo-Fab), and monosialylated Fc fragments bound minimally to soluble DC-SIGN, whereas the 4E10 monoclonal antibody, which contains a high amount of di-sialylated Fc glycans[@R22]^,^[@R23] exhibiting a considerable binding. A more detailed characterization of sDC-SIGN and its binding to di-sialylated Fc fragments exceeded the scope of this manuscript and is to be published elsewhere (Oaks et al., in preparation).

![**Figure 5.** Sialic acid-containing (Sia^+^) Fab fragments do not bind soluble DC-SIGN. (**A**) Western and lectin blots of purified *Sambucus nigra* agglutinin (SNA)^+^ Fab fragments from human IgG. SNA^+^ Fab fragments were probed with the SNA lectin or antibodies specific for human Fc or Fab fragments. Control Fab and Fc fragments were obtained commercially. Only a minor fraction of control Fab fragments terminates with α2,6-Sia, as defined by lectin blotting (left panel). Conversely, the control Fc fragment contains Sia, as defined by positive signal in the lectin blot. This control Fc is likely to contain largely monosialylated glycoforms, as only a minor fraction is retarded on SNA lectin columns (data not shown), and does not bind soluble DC-SIGN (sDC-SIGN, see below). The two species identified in the Fab fragments obtained from IVIG (right panel) may represent different glycoforms of Sia**^+^** Fabs. In support of this, the digestion of this material with sialidase results in a complete absence of either of the two species in SNA lectin blots, and peptide-N-glycosidase digests of Sia**^+^** Fabs migrate as a single faster species when probed with anti-Fab antibodies (data not shown). The preparation is operationally free of Fc components (middle panel). (**B**) ELISA binding of SNA^+^ Fab fragments from IVIG. Diamonds, intact 4E10 positive controls; Squares, Sia^+^ Fabs; triangles, Sia^−^ (asialo) Fabs; circles, monosialylated Fcs. Please notice that monosialylated control Fc fragments do not bind sDC-SIGN, as they are largely devoid of di-sialylated glycans, consistent with above blotting experiments. Wash = no protein added, control for background binding. Fc and 4E10 binding was detected with horseradish peroxidase (HRP)-conjugated anti-Fc antibodies, while Fab binding was detected with HRP-conjugated anti-Fab antibodies.](onci-2-e24841-g5){#F5}

Having established that the binding of IgGs to DC-SIGN is independent of Fab (and its sialylation state), we evaluated the binding of intact, affinity purified anti-NY-ESO-1 antibodies to DC-SIGN ([Fig. 6](#F6){ref-type="fig"}). We observed a clear relationship between the percentage of sialylated antibodies as measured by ELISA and the extent of binding to soluble DC-SIGN. In order to determine whether the binding activity of affinity purified anti-NY-ESO-1 antibodies to DC-SIGN is limited to their sialylated fraction, we evaluated SNA^+^ and SNA^−^ antibody fractions in binding assays. These analyses demonstrate that the SNA^+^ antibody fraction is enriched for species that binds soluble DC-SIGN, whereas the SNA^−^ fraction exhibited a markedly DC-SIGN-binding ability. This was true for each patient analyzed. Indeed, the SNA^+^ IgG fraction of all samples showed the highest DC-SIGN binding potential, the SNA^-^ fraction has a markedly reduced binding activity, and non-fractionated samples bound DC-SIGN to intermediate levels. These data suggest that the DC-SIGN-binding fraction of anti-NY-ESO-1 IgGs from melanoma patients is largely limited to the population of antibodies whose Fc terminates with α2,6-Sia.

![**Figure 6.** Binding of affinity purified anti-NY-ESO-1 antibodies to soluble DC-SIGN. Selected samples (based on material availability) were applied to wells coated with soluble DC-SIGN (sDC-SIGN). Bound IgGs were estimated by comparing the titration of samples on fixed amounts of DC-SIGN, and interpolated from a standard curve generated from IgGs that were directly bound to microwells. Lavender boxes = intact affinity purified IgGs; purple boxes = *Sambucus nigra* agglutinin (SNA)-lectin depleted IgG (SNA^−^); yellow boxes = SNA-enriched fraction of IgG (SNA^+^). Error bars represent standard deviations as obtained from hextuplicate determinations. Representative data from one out of two independent assays are reported.](onci-2-e24841-g6){#F6}

Discussion
==========

We have identified high-titer autoantibodies specific for two different tumor-associated antigens that contain post-translational modifications terminating with α2,6-Sia. Sia^+^ IgGs represent a consistent finding in that, when present, they are relatively stable within individual patients. These autoantibodies also appear to be selectively sialylated, as antibodies specific for antigens associated with infectious agents contain lower levels of Sia. Many of the Sia modifications are located within the glycan structure of the Fc region of IgG heavy chains, and they allow these antibodies to bind human DC-SIGN. We propose that the glycan signature of these antibodies can confer them anti-inflammatory effector functions.

A large body of evidence indicated that anticancer immune responses involve the formation of antibodies to autologous TAAs. These include antigens that are overexpressed by tumor cells, antigens resulting from frame-shift mutations, viral antigens, stem cell antigens, ganglioside-like antigens, and cancer-testis antigens (reviewed in refs. [@R2] and [@R3]). One of the best studied TAAs is v-erb-b2 erythroblastic leukemia viral oncogene homolog 2 (ERBB2, best known as HER2). Autoantibodies specific for HER2 have been identified in patients bearing a variety of cancers including breast,[@R24]^,^[@R25] lung[@R26]^,^[@R27] and colon[@R28] carcinoma. The frequency of HER2-specific antibodies among breast cancer patients, independent of HER2 expression by the tumor, is reported to be in the range of 11--21%.[@R2]^,^[@R24] When analyzed independently of tumor grade, stage and HER2 expression, we observed anti-HER2 antibodies in 4.7% (8 of 170 subjects) breast carcinoma patients. The low frequency of breast cancer patients bearing HER2-specific antibodies in our study may be due to differences in our patient population, such as HER2 expression status. Interestingly, patients with autoantibodies specific for HER2 do not appear to obtain clinical benefits from them, although it has previously been shown that these autoantibodies can mediate antineoplastic effects similar to those exerted by trastuzumab.[@R29] The apparent absence of clinical benefits in patients bearing HER2-specific autoantibodies is perhaps due to differences in the glycosylation pattern of Fc fragments, directly influencing effector functions.

Autoantibodies specific for the cancer-testis antigen NY-ESO-1 have been detected in patients affected by a large variety of neoplasms, including multiple myeloma,[@R30] melanoma[@R31] as well as esophageal,[@R32]^,^[@R33] breast,[@R27] lung,[@R26]^,^[@R27]^,^[@R34] liver,[@R35]^,^[@R36] prostate,[@R37] ovarian[@R38] and colorectal[@R27] cancer. Unlike HER2-specific autoantibodies, antibodies targeting NY-ESO-1 appear to have a diagnostic and a prognostic value. For instance, a statistically significant survival disadvantage have been observed in prostate cancer patients bearing NY-ESO-1-specific antibodies, as compared with seronegative patients.[@R37] Similarly, the production of NY-ESO-1-targeting autoantibodies is more prevalent among patients with advanced esophageal cancer[@R32]^,^[@R33] and aggressive multiple myeloma.[@R30] The de novo formation of antibodies specific for NY-ESO-1 has been reported in approximately 12% of melanoma patients tested.[@R31] Our results, indicating that 10% of metastatic melanoma patients exhibit NY-ESO-1-specific antibodies, are consistent with this report. We are unaware of studies correlating the de novo production of autoantibodies specific for NY-ESO-1 and clinical outcome in melanoma patients. However, our data and previous findings indicating that that such autoantibodies---when present---can be very abundant[@R31] imply that NY-ESO-1-specific antibodies lack the ability to control oncogenesis and/or tumor progression.

The wide variety of N-linked glycans found on immunoglobulin molecules endows them with functional features that play a critical role in antigen binding as well as in effector functions. Thus, N-linked glycans can promote the solubility of antibodies, stimulate their secretion, increase their half-life in the extracellular space and/or enhance their binding to complement components as well as to cellular receptors (reviewed in ref. [@R10]). Over 30 different IgG glycoforms have been identified so far,[@R10]^,^[@R14] and this extensive diversity provides the basis for a multiplicity of effector functions. The development of ever more refined analytical techniques, in particular those coupling liquid chromatography and mass spectroscopy, has resulted in a relatively clear description of how IgG glycosylation varies in human health and disease (reviewed in ref. [@R39]). For example, it is now clear that IgG glycosylation is a dynamic process that varies with age and sex as well as in pathophysiological conditions such as pregnancy and various diseases. Fc N-glycans are generally arranged in a biantennary structure, most of which is fucosylated. A portion of these glycans carry a bisecting N-acetylglucosamine, and some antennae terminate with α2,6-Sia. It is well established that there is a global increase in the sialylation (including α2,6-sialylation) of proteins in cancer patients.[@R40] Consistent with these findings, β-galactoside α2,6-sialyltransferase (ST6Gal I) expression is increased in the setting of cancer.[@R41] In part, these changes may be due to increased levels of hepatic ST6Gal I transferase as a component of the acute phase inflammatory response.[@R42] However, the levels of total serum sialyltransferase were not elevated in our patient population, argue against this as a mechanism for increased Fc sialylation. We also observed a somehow selective increase in the levels of sialylation of anti-NY-ESO-1 antibodies, but not of antibodies specific for infectious agent-related antigens. Taken together, these results argue against a global increase in the Sia content of IgGs in cancer patients. In this regard, our data are consistent with recent findings by Kasermann et al., who observed a variable enrichment or depletion of autoantibodies and IgGs specific for infectious agent-associated antigens among SNA fractionated IVIG.[@R43]

Most studies on the sialylation of IgGs produced in response to natural antigen exposure (de novo humoral responses) have relied on identification and purification of sialylated antibodies by SNA lectin chromatography and/or enzyme-linked lectin assays (ELLA). One of the shortcomings of this approach for the analysis of Fc glycans is that SNA lectin binds both Fab and Fc glycans.[@R23]^,^[@R44]^-^[@R46] This issue becomes particularly problematic for the study of polyclonal IgG populations, as the glycosylation of variable regions on Fab fragments may be in the order of 20% (based on sequence database entries).[@R47] According to experimental estimates, the glycosylation of variable regions ranges from 15 to 25%,[@R10]^,^[@R48] while approximately 12% Fab glycans terminate with α2,6-Sia, as estimated by SNA lectin chromatography.[@R23] In the case of pooled immunoglobulins, this represents a nearly 10-fold excess of sialylated Fab glycans as compared with their di-sialylated Fc counterparts.[@R23]^,^[@R45] Thus, our initial estimates of sialylation for IgGs targeting NY-ESO-1 and HER2 did not discriminate between Fab and Fc sialylation, but rather represented the total abundance of IgGs with glycans terminating in α2,6-Sia. Nevertheless, data obtained from SNA lectin blots, although semi-quantitative, demonstrated a predominance of Sia^+^ Fcs over Sia^+^ Fabs in all samples.

Fc sialylation seems to be a dynamic process in the course of humoral immune responses against conventional antigens as well as autoantigens. Shortly after immunization with bovine serum albumin, the sialylation of Fc glycans was markedly reduced in mice,[@R49] presumably due to reduced availability of terminal galactose, the penultimate sugar for terminal α2,6-Sia. Consistent with this, a decrease in the levels of Sia^+^ Fcs of antibodies specific for citrullinated proteins and proteinase 3 has been observed in patients affected by rheumatoid arthritis and Wegener's granulomatosis, respectively.[@R50]^,^[@R51] Conversely, remission from these diseases has been shown to correlate with an increased expression of α2,6 sialyltransferase and an attendant increase in sialylated antigen-specific IgGs.[@R50]^-^[@R52]

Limited data are available regarding Fc sialylation outside the clinical setting of autoimmune disease. An increased sialylation of the whole serum, as well as of IgG Fc glycans, has been reported in three patients with ovarian cancer,[@R53] but the IgG specificity was not described. In the context of alloimmunity, Wuhrer et al. have described an increased sialylation of Fc glycans in affinity purified pathogenic IgG1 alloantibodies specific for human platelet-associated antigens.[@R54] These data are consistent with the increased sialylation of Fc fragments that we observed in cancer patients, and support the notion that Fc sialylation is regulated during the humoral response to a variety of antigens. Very little is known, however, about the kinetics and functional activities of such antibodies.

Much of what we know about the functional consequences of Fc glycosylation on the immune system comes from the seminal studies on IVIG by Ravetch and collaborators (reviewed in refs. [@R18], [@R19] and [@R55]). Although it was originally used in the clinics only as an antibody replacement therapy, IVIG has now been cleared by US regulatory agencies for use in patients affected by a variety of inflammatory diseases including idiopathic thrombocytopenia purpura, Guillain--Barre syndrome, Kawasaki's disease and chronic inflammatory demyelinating neuropathy.[@R56]^,^[@R57] IVIG is also commonly used to treat the rejection of solid allotransplants,[@R58]^,^[@R59] as well as in antibody reduction protocols for patients with high levels of HLA-specific antibodies awaiting transplantation.[@R60] The precise mechanisms underpinning the anti-inflammatory properties of IVIG have been the subject of intense debate. The notion emerging from the body of work performed by the Ravetch's group is that the anti-inflammatory activity of IVIG resides within a small population of immunoglobulins bearing Fc glycans that terminate with α2,6-Sia.[@R61] In support of this concept, the depletion of sialylated glycans from IVIG by SNA lectin chromatography abrogates its anti-inflammatory effects in a variety of animal and ex vivo models.[@R62] Moreover, IgG1 Fcs enzymatically engineered to be highly sialylated recapitulate the anti-inflammatory actions of IVIG.[@R62] These sialylated immunoglobulins exert anti-inflammatory effects via a specific C-type lectin, namely DC-SIGN, which is expressed on cells of the monocytic compartment.[@R17] The interaction of sialylated Fc fragments with DC-SIGN results in the production of IL-33, in turn inducing the expansion of IL-4-secreting basophils and stimulating the expression of the inhibitory FcγRIIB receptor on macrophages.[@R16] Thus, sialylated IgG Fc fragments may serve as a "switch" that promotes the establishment of an anti-inflammatory environment where antigens are located (e.g., the tumor site)

The anti-NY-ESO-1 antibodies described in this work also bound DC-SIGN. This finding supports our hypothesis that sialylated anti-NY-ESO-1 antibodies function as anti-inflammatory mediators. Hence, the concept of cancer immunoediting may not be restricted to the cellular response to tumors, but extend to components of the humoral immune system. We propose that anti-inflammatory antibodies, such as those described here, may be central for understanding the interactions between tumors and the immune system and yield important information on the genesis, progression and dissemination of cancer.

We realize that our study was limited by the low frequency of cancer patients bearing TAA-specific antibodies in our cohort. However, the consistency of our findings throughout serial samples from these patients supports the contention that the glycan signature of TAA-targeting antibodies is stable within a given patient. Our research activity currently aims at defining the frequency and function of sialylated TAA-specific antibodies and further characterizing their clinical relevance. We believe that these investigations will improve our understanding of the dynamic interactions between tumors and the host and may provide important clues about the mechanisms whereby cancers evade detection and elimination by the immune system.

Materials and Methods
=====================

Subjects and blood samples
--------------------------

Blood samples were obtained under the oversight of the Aurora Health Care Institutional Review Board. Patient samples for NY-ESO-1-related studies were obtained in the course of therapy and recruited through our high-dose IL-2 treatment unit. All patients enrolled had metastatic melanoma and had failed prior conventional chemotherapy. Samples for HER2-related studies were from patients with a prior histologic diagnosis of breast carcinoma and were obtained through the biorepository program of Aurora Health Care. As this is a shared resource biorepository, only limited amounts of blood and limited clinical information were available for these patients. Samples from patients with metastatic uterine and lung cancer were also obtained from our biorepository. Serum was used for NY-ESO-1-related assays and plasma for HER2-related studies.

Peptides, antibodies, antigens and lectins
------------------------------------------

A 40-mer (ESO~1--40~) from NY-ESO-1 was used as target antigen for anti-NY-ESO-1 ELISA. This sequence represents a dominant B-cell epitope, as it is recognized by sera from a wide spectrum of cancer patients.[@R31] The peptide (MQAEGRGTGGSTGDADGPGGPGIPDGPGGNAGGPGEAGAT) was synthesized and HPLC purified by New England Peptide. The same peptide was immobilized on a Sepharose Sulfolink resin (Thermo Pierce, 20402) and used for the affinity purification of anti-NY-ESO-1 antibodies. An irrelevant peptide, hereafter referred to as CAT-4 (CYEQPKYTPEKETLE), was used as a reference for the non-specific binding of human IgGs in ELISAs. The anti-HER2 hybridoma clone 520C9.C3B10T was purchased from the American Type Culture Collection (ATCC, HB-8696). 520C9 cells were grown in serum-free medium (Invitrogen, 2045-076), and culture supernatants were purified by protein L chromatography (Thermo Pierce, 20510). The 4E10-Namalwa antibody was used as a positive control in soluble DC-SIGN-binding assays. 4E10 is a recombinant human monoclonal antibody specific for HIV-1 gp41 and was purchased from Polymun Scientific (AB004). The rationale for its use as a control antibody in DC-SIGN-binding assays is that 4E10 is devoid of Fab glycans but rich in Fc glycans. The liquid chromatography-mass spectroscopy (LC-MS)-assisted analysis of 4E10 glycans has confirmed a high proportion of mono- and di-sialylated terminal glycans at N297.[@R23] Control Fab and Fc fragments were purchased from Jackson Laboratories (009-000-007 and 009-000-008, respectively). Horseradish peroxidase (HRP)-conjugated anti-human Fab antibodies were purchased from Abcam (98535). HRP-conjugated antibodies specific for human IgG Fcs were purchased from Jackson Laboratories (709-035-098) and Abcam (ab98567). Biotinylated mouse anti-human IgGs (clone G18-145) (product 555785) were purchased from BD Biosciences. Antigens from influenza A, influenza B and mumps viruses were purchased from Microbix Systems (EL-13-02, EL-14-03 and EL-06-02, respectively) and were plated at 200 ng/well for ELISAs. The tetanus toxoid was purchased from Sanofi Pasteur (49281-820-10) and was used at a 1/100 dilution for coating ELISA plates. Agarose-conjugated SNA lectin (AL-1303) and biotinylated SNA lectin (B-1305) were purchased from Vector Laboratories.

Cell lines
----------

The HER2 overexpressing cell line SK-BR-3 was purchased from ATCC (HTB-30) and maintained in McCoy's 5A medium supplemented with 10% fetal bovine serum (FBS). Lysates of subconfluent SK-BR-3 cell cultures were prepared by repeated freeze-thawing in lysis buffer (50 mM Tris pH 7.8, 150 mM NaCl and 1% Triton X100), centrifuged to remove insoluble material, filtered, adjusted to 5 mg/mL total protein content and used as target antigens in ELISAs described below.

Affinity purification of IgG and lectin chromatography
------------------------------------------------------

IgGs were purified from serum samples by means of Nab Protein A/G spin columns, as per manufacturer's instructions (Thermo-Pierce, 89954). Residual IgMs and IgAs were minimized by means of the Melon Gel (Thermo Pierce, 45212). IgGs obtained from these columns were quantified and tested for contaminating IgMs and IgAs by ELISA. Mean IgM content was 0.3% ± 0.5%, and mean IgA content was 2.4% ± 1.2%. Purified IgGs were then run through an affinity column to which the NY-ESO-1 peptide had previously been immobilized, washed with 100 volumes of binding buffer (PBS), and eluted with IgG Elution Buffer (Thermo-Pierce, 21004), pH 2. SNA lectin chromatography was performed on 50 μg input purified IgG in SNA binding buffer (25 mM HEPES pH 8, 150 mM NaCl, 1 mM CaCl~2~ and 1 mM MnCl~2~) containing 50 μL washed SNA-agarose resin. Binding was performed overnight with rotation at 4 °C. The entire non-bound fraction was collected after centrifugation for 2 min at 1000 G. The resin was washed three times in 100 volumes of binding buffer, and the SNA-bound material was eluted in 500 mM lactose at 45 °C for 1 h with periodic agitation. The absence of IgG binding to unconjugated agarose was confirmed in separate experiments (data not shown).

ELISA
-----

Autoantibodies specific for NY-ESO-1 and HER2 were detected by ELISA. The NY-ESO-1 assay was a modification of an assay originally described by Zeng et al.[@R31] Briefly, 3 pmoles of ESO~1--40~ were added to the wells of Maxisorp plates (Nunc, 468667) in coating buffer (15 mM Na~2~CO~3~, 35 mM NaHCO~3~, pH 9.1) and incubated overnight at 4 °C. Control wells containing the CAT-4 peptide and antigen-free wells were included in each serum dilution tested. Wells were then blocked by the addition of the SuperBlock reagent (Thermo-Pierce, 37515) for 1 h at room temperature. Serum samples were diluted in SuperBlock reagent supplemented with 5% FBS and incubated for 1 h at room temperature with shaking. For the initial ELISA screen, serial 2-fold serum dilutions from 1/200 through 1/1600 were performed. Wells were washed three times and a 1/5000 dilution of biotinylated anti-human IgGs was added for 1 h. After washing, a 1/40,000 dilution of streptavidin-HRP (Invitrogen, 43-4323) was added, incubated for 20 min and washed. Color development was performed by the addition of 100 μL 3,3′,5,5′-tetramethylbenzidine (Thermo-Pierce, 34021). The reaction was terminated with the addition of 0.5N sulfuric acid, and OD at 540 nm was read on an Emax spectrophotometer (Molecular Devices). Reactions that exhibited an OD at least twice higher than that of antigen-free wells and wells containing the CAT-4 peptide were considered as positive. All samples were tested in duplicate assessments and in at least three independent experiments. The quantification of of IgGs from SNA lectin-fractionated material was performed by the interpolation of OD based on a standard curve obtained with human IgGs (R&D, 1-001-A) detected as described above.

Autoantibodies specific for HER2 were detected using a sandwich ELISA modified from Ward et al.[@R28] Maxisorp wells were coated with 200 ng/well of monoclonal anti-HER2 antibodies overnight in coating buffer, blocked in SuperBlock reagent as described above, and then incubated with 250 μg SK-BR-3 lysate for 1 h at room temperature. Lysates prepared from chinese hamster ovary (CHO) cells were used as controls for non-specific binding. Plasma samples were diluted in SuperBlock reagent supplemented with 2.5% FBS and normal mouse serum (Jackson Immunoresearch, 015-000-120), and incubated for 1 h at room temperature. Bound human IgG was detected as outlined above, and OD values were corrected by the subtraction of values obtained with CHO lysates. Reactions that exhibited an OD at least twice higher than that of antigen-free wells and wells containing the irrelevant CHO cell lysate were considered as positive.

Lectin immunoblotting
---------------------

Lectin blotting of affinity purified anti-NY-ESO-1 IgGs digested with papain was used to evaluate Fc fragments for α2,6-Sia content. To this end, 3 μg affinity purified IgGs were digested on immobilized papain (Pierce Fab Micro Preparation Kit, 44685), according to the manufacturer's instructions. Digestion products were separated by PAGE on NuPAGE 12% Bis-Tris Gel (Invitrogen, NP0341BOX) in a discontinuous buffer system on a Novex Mini Cell (Invitrogen, EI0001). The separated components were electroblotted onto polyvinylidene fluoride (PVDF) membranes and probed with biotinylated SNA lectin (2 μg/mL) for 1 h at room temperature, followed by incubation with 32 ng/mL streptavidin-HRP (Invitrogen). The blots were developed by means of the Super Signal West Chemiluminescent Substrate (Thermo-Pierce, 34080), according to the manufacturer's instructions, and visualized on an UltraLum image analyzer. Images relative to Western and lectin blotting are composites of blots obtained at different time points in the course of this study.

Molecular cloning of soluble human DC-SIGN
------------------------------------------

Human soluble DC-SIGN (sDC-SIGN) was cloned by standard PCR methods into the bacterial expression vector pET100/D-TOPO (Invitrogen, K100-01), essentially as described by Su et al.[@R63] The template for PCR was the human CD209-coding full-length cDNA clone purchased from OriGene (SC304915 NM_021155.2). The PCR product was cloned directionally into pET100/D-TOPO (Invitrogen, K100-01). Transformants were sequenced bi-directionally on an Applied Biosystems 3500 Genetic Analyzer in order to ensure in-frame cloning relative to the T7 promoter and PCR fidelity. Recombinant clones were expressed in *Escherichia coli* strain BL21 Star™ (DE3) obtained in the form of competent cells from Invitrogen (44-0049). The purification of sDC-SIGN-6xHis fusion was performed on Ni columns, essentially as described elsewhere.[@R63] For ligand binding assays, recombinant sDC-SIGN (200 ng/well) was coated onto Maxisorp wells overnight at 4 °C, blocked in Carb-Free Block reagent (Vector Labs, SP-5040) for 1 h, and then incubated with intact IgG samples in TBS containing 0.5% Tween 20 and 1 mM CaCl~2~ for 2 h at room temperature. Bound immunoglobulins were detected by means of a cocktail of HRP-conjugated donkey anti-human IgGs and HRP-conjugated goat anti-human IgG Fcs, each diluted 1/100,000 in wash buffer, developed and read as described above.

Preparation of sialylated Fab fragments
---------------------------------------

Sia^+^ Fab fragments were prepared from human IVIG (Privigen, CSL Behring AG, NDC 44206-436-05). To this aim, 500 mg IVIG was exchanged into digestion buffer (20 mM sodium phosphate, pH 7.0, 10 mM EDTA, 20 mM cysteine) with the use of a desalting column (Thermo-Pierce, 89889). The entire contents were added to 1 mL of washed and packed immobilized papain (Thermo-Pierce, 20344) and were incubated for 6 h at 37 °C with rotation. The slurry was centrifuged at 1500 G, and the supernatant was applied directly to a protein A chromatography column (BioRad UNOsphereSUPrA, 156-0218) equilibrated with 0.5X PBS (Thermo-Pierce, 28372). The flow-through was collected, buffer was exchanged into SNA binding buffer (25 mM Hepes pH 8, 150 mM NaCl, 1 mM each CaCl~2~ and MnCl~2~), and the entire contents were added to 2 mL packed SNA-agarose. The material was bound in batch for 30 min at room temperature, and the resin was washed with 20 volumes of binding buffer and then eluted by the addition of 0.5 M lactose in binding buffer. A second elution with 0.5 M lactose in 0.2 M acetic acid was performed and the combined contents of elutions were neutralized by the addition of 1/10 volume 1 M Tris (pH 9). The buffer was exchanged with PBS, and the SNA^+^ fraction was then reapplied to a protein A column (as above) in order to remove residual intact IgGs or Fc fragments. The product was analyzed by Western and lectin blotting to verify purity and reactivity.

Statistical analyses
--------------------

The statistical analysis of ELISA data was performed by means of SigmaPlot v. 11, using Kruskal--Wallis one way analysis of variance on ranks. The Tukey test was used for all pairwise multiple comparisons.
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α2,6-Sia

:   α2,6-linked Sia

ADCC

:   antibody-dependent cellular cytotoxicity

DC-SIGN

:   dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin

ELLA

:   enzyme-linked lectin assay

Fab

:   antigen-binding fragment

FBS

:   fetal bovine serum

Fc

:   crystalizable fragment

IVIG

:   intravenous immunoglobulin

LC-MS

:   liquid chromatography-mass spectroscopy

OD

:   optical density

sDC-SIGN

:   soluble DC-SIGN

Sia

:   sialic acid

Sia^+^Fab

:   sialylated Fab

Sia^+^Fc

:   sialylated Fc

Sia^+^

:   sialylated

SNA

:   *Sambucus nigra* agglutinin

TAA

:   tumor-associated antigen
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